The Magellanic Clouds (MCs) are the most massive gas-bearing systems falling into the Galaxy at the present epoch. They show clear signs of interaction, manifested in particular by the Magellanic Stream, a spectacular gaseous wake that trails from the MCs extending more than 150
INTRODUCTION
The Magellanic System is the most important source of cold gas accretion within the Galaxy at the present epoch. The total gas mass of the Magellanic Stream (or simply, the Stream Wannier & Wrixon 1972; Mathewson et al. 1974) , the Magellanic Bridge (Brüns et al. 2005) , the Magellanic Clouds and the Leading Arm (Lu et al. 1998; Putman et al. 1998) , is estimated at 2 × 10 9 M [r/55 kpc] 2 for a median cloud distance r (Fox et al. 2014) , significantly higher than the mass of all high-velocity clouds (HVCs) around the Galaxy together (∼ 10 8 M ; Putman et al. 2012) . If the gas accretion time onto the Galaxy is fixed by the MC merger time (∼ 2.5 Gyr; Cautun et al. 2018 ), the gas inflow rate is roughly 1 M yr
, of the same order as the present-day star formation rate of the Galaxy (e.g. Robitaille & Whitney 2010) .
It is however unclear whether and over what timescale the E-mail: tepper@physics.usyd.edu.au † Hubble Fellow at UCI, then Schwarzschild Fellow at AIP gas will settle onto the Galactic disc. On the one hand, full simulations of gas-stripped satellites within a realistic Galaxy model that includes a Galactic corona show that stripped gas may rain onto the Galactic disc on timescales well below 1 Gyr (TepperGarcía & Bland-Hawthorn 2018b) . On the other hand, observations of recombination emission (Hα; Weiner & Williams 1996; Reynolds et al. 1998; Putman et al. 2003b; Madsen 2012 ) and ultraviolet (UV) absorption line measurements Richter et al. 2013; Barger et al. 2017) indicate that mass budget of the Stream is dominated by ionised gas. A high ionisation fraction may be common to most HVCs (Lehner & Howk 2011) in part due to the Galactic UV emission (Bland-Hawthorn & Maloney 1999 , particularly for HVCs close to the disc. For clouds far from the disc, in the absence of alternative ionisation mechanisms (e.g. stellar radiation; Ostheimer et al. 1997) , the observations are best explained by constrained hydrodynamic models of infalling gas shock-ionised by the interaction with the Galactic corona ('shock cascade' model; Tepper-García et al. 2015) . These models indicate that the gas is ionised on a timescale of order a few 100 Myr and will likely evaporate in the corona before reaching the star-forming disc (cf. Heitsch & Putman 2009 ).
The interpretation of the data is complicated by the observation that the Galactic corona is magnetised, with mean field values spanning the range ∼ 0.1 − 10 µG (Sun & Reich 2010 ) depending on Galactocentric radius, as is common for spiral galaxies (Beck 2016 ). An ambient magnetic field -neglected in all models of the Stream to date -has been long known to provide a mechanism that suppresses the onset of instabilities that ultimately drive the destruction of the infalling gas (Mac Low et al. 1994) , thereby increasing its survival chances (for a discussion, see Bland-Hawthorn 2009) .
Clearly, the Galactic corona, which has been accreted and evolved over billions of years (van de Voort et al. 2011) , plays a crucial role in the evolution of gas falling onto the Galaxy. Thus, a full account of its properties is required if we are to arrive at a solid understanding of the Magellanic System. A simple model of the formation of the Magellanic System is based on the paradigm referred to as 'first-infall scenario' (Besla et al. 2012) . 1 However, this model relies on a crude description of the Galaxy; in particular, it neglects the presence of the hot corona around the Galaxy.
Earlier models have addressed the interaction between gas stripped away from the MCs and the Galactic corona, although under simplifying assumptions. Following a purely analytic approach, Meurer et al. (1985 , see also Heller & Rohlfs 1994 Moore & Davis 1994) calculated the effect of drag from the Galactic corona on the gas in the Magellanic Bridge, and concluded that this could explain the formation of the Stream. This worked was followed by Gardiner (1999) , and extended by Diaz & Bekki (2011) , using pure N-body models. These two groups modelled the gas drag exerted on the infalling gas by a diffuse, uniform background by adding a drag term to the equation of motion of the otherwise collisionless simulation particles. The first self-consistent N-body, hydrodynamical model was presented by Mastropietro et al. (2005) , who modelled the interaction between a hot hydrostatic corona around the Galaxy and the LMC, but ignored the presence of the SMC.
Most recently, Hammer et al. (2015) argued that the trailing stream and the 'Leading Arm' may be explained as the result of a convoy of baryon-dominated tidal dwarf systems, which includes the MCs, that lost gas along their orbit as a result of ram pressure stripping by the intergalactic medium and the Galactic corona. Here, we reconsider this idea as one of the plausible scenarios explaining the leading stream gas, i.e. the gas leads the MCs but does not emerge from it dynamically.
In spite of their adopted simplifications, the previous studies suggest collectively that the properties of the Magellanic System are sensitive to the presence of an external corona along its orbit. Here we revisit the evolution of the Magellanic System, in particular of the Stream and the Leading Arm, using an improved model for the Galaxy, which includes -for the first time -a magnetised Galactic corona with a range of properties consistent with observations. This is the core of our paper.
We stress from the outset that we are not attempting to reproduce the properties of the Magellanic System in detail, e.g. the precise location and kinematic properties of the MCs, or the properties of the gas structures such as its total mass, its ionisation state, or the kinematic and structural properties of either the Stream or the Leading Arm. For all the partial success of others in doing so (qv. D'Onghia & Fox 2016), we maintain that it is futile to pur-1 For a recent review see D 'Onghia & Fox (2016) . sue such an ambitious task given that the present-day position and kinematics of the MCs, the Stream and the Leading Arm do not unambiguously constrain the required initial conditions, such as the total masses of the MCs and their structure, the inclination of the SMC with respect to its orbit relative to the LMC, their spin, or their full three-dimensional (3D) position and velocity at infall which depend on the unknown Galactic potential. The initial conditions rely indeed on a large number of model-dependent, uncertain, and thus necessarily tuneable parameters (for a discussion see Hammer et al. 2015) . Since numerical experiments are costly, it is prohibitive to explore in full the available parameter space looking for an optimal solution. Techniques such as genetic algorithms can in fact be used to perform the search more efficiently (Guglielmo et al. 2014) , but even here the available parameter space needs to be significantly constrained beforehand.
Our approach rests on adapting a recent model , dubbed '9:1') -based on Besla et al. (2012, their model 2) -that broadly reproduces some of the observed properties of the Stream and the Leading Arm. We systematically modify this model to investigate the effect of several factors (dynamical friction, gas drag, confinement by dark matter and magnetic fields) on the evolution of the gas structures associated to the Magellanic System, with particular emphasis on the Leading Arm, in a series of controlled and self-consistent numerical experiments. We argue that the relevant physical processes at play should be captured correctly in our models. Thus, our results should be applicable to other similar systems.
This paper is organised as follows. In Section 2, we describe our adopted base model and variations thereof. In Section 3, we present the results for each of our models. We discuss the implications of our findings in Section 4, and finish with some concluding remarks in Section 5.
THE FIRST-INFALL SCENARIO REVISTED

The base model
Our fiducial model follows the 9:1 model by Pardy et al. (2018) . This model is constructed essentially in two steps: i) The LMC and SMC are evolved for ∼ 6 Gyr as a binary pair in isolation starting from some prescribed initial conditions; ii) The evolved binary system is placed into a Galaxy-like potential at one Galactic virial radius (∼ 220 kpc), and evolved further for roughly 1 Gyr (see the Appendix for further details). The gravitational effect of the Galaxy on the MCs is approximated by a static dark matter (DM) host halo parametrised by a spherical Navarro et al. (1997, NFW) profile with a virial mass of ∼ 1.5 × 10 12 M , and a scale radius of ∼ 20 kpc (corresponding to a concentration of 12). In contrast, the MCs are modelled as fully live, multi-component galaxies, each consisting of a stellar disc and a gas disc embedded in a DM host subhalo. The structural parameters of the MCs are summarised in Table 1 . It is worth mentioning that in this model the MCs have -by design -particularly large initial gas fractions, implying that higher gas masses are deposited onto the structures that later form the Stream and the Leading Arm, compared to models with lower initial gas fractions. Yet, the column densities along the Stream and the Leading Arm in this model are lower than observed (see Pardy et al. 2018 , for a discussion). We note that our choice of simulation code (grid-based rather than SPH; see Section 3) forces upon us the need to define a (arbitrary) truncation radius for each model component Pardy et al. (2018, their model 9:1) . Column headers are as follows: M t , total mass (10 9 M ); r s , scalelength (kpc); r tr , truncation radius (kpc); N p , particle number (10 4 ); Z, gas metallicity (Z ). Navarro et al. (1997) profile; Exp, Exponential profile a Mass enclosed within r tr is ∼ 1.3 × 10 11 M (LMC) and ∼ 1.3 × 10 10 M (SMC). b The stellar metallicity is ignored as it is of no relevance for our study. c Exponential profile in R. Scaleheight set by vertical hydrostatic equilibrium, initially at T = 10 4 K. d Scaleheight set to 0.48 kpc (LMC) and 0.25 kpc (SMC). e Exponential profile both in R and z. f Corresponding tidal radius at d = 220 kpc from a 1.5 × 10 12 M host. g Extension set to 4× the scalelength. h Number of particles used to sample the density profile before mapping onto the simulation grid.
in order for them fit within the simulation volume. We refer to the base model as 'Static DM halo' model.
Extended models
We consider, in addition, the following stepwise improvements of the Galaxy model with respect to the starting point described above.
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These extended models are summarised in Table 2 . First, we remove the restriction of a static DM host halo and approximate the gravitational effect of the Galaxy onto the MCs using a fully live DM host halo with identical structural properties. This modification allows to study the effect of dynamical friction on the orbital history of the MCs and its impact on the formation of the Stream and the Leading Arm. This model is dubbed 'Live DM halo' model.
As an extension of the latter model, we include a static (i.e. non-rotating), spheroidal Galactic corona. The inclusion of this component in our model makes it possible to explore the impact of drag along the orbit of the MCs on the infalling gas within a realistic Galaxy model in a self-consistent manner.
Our model corona follows initially the same profile and extension as the DM host halo, adopting identical structural parameters. Figure 3 . b Initial, uniform magnetic field (in µG) directed along the z axis. c Non-rotating corona It has a total initial mass of ∼ 3 × 10 10 M within 250 kpc, and properties (density profile, temperature profile) in broad agreement with the properties of the Galactic corona as inferred from a number of observations (Figures 1 -3 ; q.v. Bland-Hawthorn & Gerhard 2016) . It is worth noting that our coronal model is consistent with the most recent model of the Galactic hot halo by Bregman et al. (2018) . We refer to this model as 'Non-rotating corona'.
Recent kinematic models of x-ray spectra suggest that the Galactic corona is spinning fast (181 ± 41 km s −1 out to R ≈ 50 kpc; Hodges-Kluck et al. 2016) . Such a rapidly rotating corona can be accommodated within barotropic (Pezzulli et al. 2017 ) and baroclinic (Sormani et al. 2018 ) equilibrium models based on cosmologically motivated angular momentum distributions . Therefore, we improve upon our 'Non-rotating corona' model by allowing the corona to have a net rotation speed, v c (r). Thus we are able to explore for the first time the effect of the torque exerted by the corona on the gas streams associated with the Magellanic System.
We set the rotation speed of the corona according to the specific angular momentum of the Galactic DM halo, which follows roughly its cumulative mass profile (Bullock et al. 2001) , adopting a fixed value for the spin parameter λ. We consider two variants: a 'Slow corona' model and a 'Fast corona' model, with peak rotation speeds in the plane of the Galaxy , corresponding to λ = 0.08 and λ = 0.16, respectively These values are at the high end of the typical range for λ found at z = 0 in N-body, hydrodynamic cosmological simulations of structure formation (Zjupa & Springel 2017) . The peak rotation speed in the 'Fast corona' model is marginally consistent with the low end of the Galactic coronal rotation speed inferred from observations ( Figure 3) . A higher rotation speed would lead to a coronal temperature that is too low to be consistent with the temperature inferred from x-ray data. This is a consequence of the condition of thermal equilibrium imposed on the model corona, which naturally leads to lower mean temperatures for higher net rotation speeds (Figure 2 ). Indeed, in terms of the radial velocity dispersion of the gas implied by the spherically symmetric Jeans (1915) 's equation with isotropic velocity distribution,
where ρ c = µm p n c describes the mass density profile of the corona (n c is the corresponding particle density), and Φ is the total potential of the Galaxy, the specific internal energy of the gas, corrected for its net rotation speed v c , is given by
Thus, for a fixed ρ c and Φ, there is a maximum rotation speed such that T c is consistent with observations. A higher rotation speed would require either: i) abandoning the assumption of thermal equilibrium, which makes it significantly harder to model the corona; or ii) adopting a more massive DM host halo for the Galaxy, which is ruled out by a number of observations (e.g. Piffl et al. 2014; Kafle et al. 2014; Dierickx & Loeb 2017) . The last extended model we consider corresponds to a weakly magnetised version of our 'Non-rotating corona' model, referred to as 'Magnetised corona' model. We adopt a magnetic field initially uniform along the z axis set initially to 0.1 µG everywhere. We are aware that this is not entirely consistent with the the structure of the magnetic field around the Galaxy (e.g. Jansson & Farrar 2012) . In particular, the field is stronger (weaker) compared to the observed field far away (close) to the Galactic Centre. However, our goal is not to model the evolution of the field (see e.g. Rieder & Teyssier 2016) . Rather, our intent is to explore the effect of an initially weak ambient magnetic field on the infalling gas with the simplest possible configuration.
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The use of a more realistic field structure is left for future work.
It is worth emphasising that we are not considering here more sophisticated Galaxy models, e.g. models that include a stellar bulge, a stellar disc, or a gas disc, as we have done in previous work (Tepper-García & Bland-Hawthorn 2018a,b) . While these baryonic components may generally dominate the potential close to the Galactic Centre, their gravitational effect is marginal at the mean distance of the MCs today (r MC ≈ 55 kpc; Walker 2012; Graczyk et al. 2014) , and even more so along their past orbit. Nonetheless, the gas disc may have an important effect: it may negatively affect the lifetime of gas structures that interact with it (e.g. Galyardt & Shelton 2016 ). Yet, we choose to ignore this component for now, and leave more complex Galaxy models for future work.
Numerical setup
The initial conditions (i.e. the particle positions and their velocities; and additionally the internal energy for the gas components) for each of our models described above are generated with the dice code (Perret et al. 2014 ).
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The evolution of the MCs in isolation and its subsequent infall into the Galaxy are calculated from the corresponding initial conditions using Ramses, an N-body, magneto-hydrodynamic (MHD) grid code with adaptive mesh refinement (AMR; version 3.0 of the code last described by Teyssier 2002) . For the run adopting a magnetised corona, we exploit the MHD capabilities of Ramses, which implements the constrained transport, divergencepreserving (to numerical precision) MHD solver of Teyssier et al. 5 We note that the magnetic pressure, P B = B 2 /8π, is negligible compared to the thermal pressure in the corona, P c , i.e. β = P c /P B 1, such that the presence of a magnetic field does not affect the thermal properties of the model corona. 6 The sequence of geometric and kinematic transformation used to map the evolved, isolated MC binary pair onto the Galaxy is described in the Appendix. See also footnote 7.
Non-rotating corona Nakashima et al. (2018) (6) (5) (4) (3) (2) (2006, see also Fromang et al. 2006) . The contribution to the overall gravitational field of every component (gaseous or collisionless) is taken into account at all times by solving the Poisson equation on the AMR grid using the multi-grid scheme of Guillet & Teyssier (2011) . The simulations of the isolated MCs and the composite system (MCs and Galaxy) are in a cubic volume of 500 kpc and 1 Mpc length per side, respectively. In either case, the spatial resolution is 60 pc for both gas and collisionless components. We include radiative gas cooling by hydrogen, helium, and 7 The setup files used to create initial conditions as well as those containing the details such as the hydro solver, the refinement technique, etc. used to run our simulation are freely available upon request to the corresponding author (TTG). heavier elements following Theuns et al. (1998) . The gaseous components are all taken to be monoatomic (γ = 5/3), ideal gases characterised by an hydrogen fraction X h = 0.76 and an initially uniform metallicity Z that varies from component to component (Table  1 ). The metallicity of the Galactic corona is set to Z = 0.3 Z (Miller & Bregman 2015) . The average gas metallicity of the MCs today (as given by the abundance of α elements) is Z ≈ 0.3 Z (SMC) and Z ≈ 0.4 Z (LMC; Russell & Dopita 1992) . Chemical evolution models predict that the gas phase abundances in these galaxies 1 -2 Gyr ago must have been 0.2 -0.3 dex lower than today (Harris & Zaritsky 2004 , 2009 ). Therefore, we set the initial gas metallicity of the SMC (LMC) to Z = 0.1 Z (0.2 Z ).
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Our approach neglects the chemical enrichment of the gas via supernova feedback. A higher metallicity would enhance the cooling of the bound gas allowing the gas to sink further into the potential well and making stripping more difficult. Energetic stellar feedbackwhich we ingore; see below -would have the opposite effect. For the time being we simply assume that this effects roughly balance out. We note that this assumption does not affect the outcome of our experiments in any significant way, as we shall discuss later.
In contrast to Pardy et al. (2018) , we do not include star formation (SF) in any of our models. However, this process does not appear to have a significant impact on the overall properties of the Magellanic System in their model. Indeed, as we show in Section 3 and in the Appendix, we are able to broadly replicate their results in spite of our ignoring this process. Since we do not include SF, we naturally neglect its associated feedback, as do Pardy et al. (2018) and Besla et al. (2012) . While stellar feedback and their associated outflows in the LMC subject to the ram pressure of the Galactic corona may contribute to the formation of the Stream, its relative importance in terms of mass is minor (Salem et al. 2015; Bustard et al. 2018) .
We neglect the ionising effect of UV radiation field of the Galaxy or the MCs on the gas. This is justified since we are not interested here in the ionisation state of the gas, which has negligible impact on the magnitude of gas drag (see Section 3.2). Also, the heating of the ionising radiation on the gas is expected to be small (e.g. .
In a nutshell, our experiments consist of full 3D, N-body, magneto-hydrodynamic, grid-based (AMR), non-adiabatic, numerical calculations of the infall of the MCs into the Galaxy that take into account the self-gravity of each component.
THE EVOLUTION OF THE MAGELLANIC SYSTEM
Quite generally, we find in all the models considered here that the MCs have present-day positions and velocities broadly consistent with their observed values, in agreement with Pardy et al. (2018) . Similarly, we find that the Stream roughly matches its observed extension and position across the sky. However, we stumble across some unsettling results with respect to the formation of the Leading Arm.
Our main findings are essentially summarised in Figures 4, 7, and 9. There, we show the distribution of the gas associated to the Magellanic System, i.e. initially bound to the MCs, at the present epoch for each our models. Each row corresponds to a different different Galaxy model, and consists of three panels, which display, respectively, the gas distribution both in configuration space projected along two orthogonal directions, and in observed space. It is worth emphasising that the column densities shown there and everywhere else correspond to total gas densities, and thus put a strict upper limit on the expected H i column density of the gas (which we do not consider here). The simulation results in configuration space are mapped onto observed space by assuming the Sun is located at (x, y, z) = (−8, 0, 0) kpc at all times, and the North Galactic Pole points along the z direction. We do not adopt the exact solar coordinates (cf. Bland-Hawthorn & Gerhard 2016) since we are not interested here in reproducing the precise location of the Magellanic System and its components, as stated above.
In any of our models, we find that the total gas mass of the trailing gas stream alone is 10 9 M , at the low end of the range of masses of the Magellanic Stream estimated using ultra-violet absorption spectroscopy of bright background sources (Fox et al. 2014 ). Our result is agreement with the models by Besla et al. (2012) and Pardy et al. (2018) .
We now discuss in detail the results for each of our models and their differences where relevant.
The effect of dynamical friction
As noted above, our model 'Static DM halo' is, by design, identical to the model 9:1 by Pardy et al. (2018) . As we show here and in the Appendix, our results agree remarkably well with theirs. It is worth stressing that this agreement is not at all trivial, given the significant difference in the codes and methods used by each group both to generate the initial conditions and to calculate the evolution of the system.
The effect of dynamical friction on the orbit of the MCs can . Distribution of gas in the the Magellanic System at the present epoch, i.e. ∼ 1 Gyr after infall into the Galaxy, in the absence of a hot corona. Each row corresponds to a different model. Left / centre: Total gas column density in configuration space on a face-on (left) and edge-on (centre) projection with respect to the Galactic plane. The Galactic Centre (GC) in model 'Static DM halo is at (0,0,0) kpc, by construction, while it is roughly at (0,-10,0) kpc in the 'Live DM halo' as a result of the Galaxy's recoil. Right: Total column density projected on the sky as seen from the Sun in Galactic coordinates (l, b). The GC is at (0, 0) • in both models; the MCs', at ≈ (300, −30) • ; their space orbits are indicated by the thin / thick solid curves in all panels. Apparently, dynamical friction does not significantly affect the orbit of the MCs and consequently the formation of the Magellanic System. be studied by comparing models 'Static DM halo' and 'Live DM halo' (Figure 4 ). Overall, we find no significant difference in the large-scale distribution of the Magellanic System between these two models. However, there are some noticeable differences in the orbital history of the MCs in the presence of a live DM host halo. In this case, the MCs pericentric distance is smaller, and their corresponding space velocities lower, compared to their infall into a static DM host halo (see Figure A1 in the Appendix).
In addition to generating dynamical friction, a live DM host halo responds as a whole to the gravitational interaction with a massive system such as the LMC-SMC binary pair, i.e. it is free to 'recoil'. The recoil of the Galactic DM halo may have important consequences on the orbital history of infalling systems (Gómez et al. 2015) . Indeed, in the presence of a live Galaxy, as the MCs fall in, they and the Galaxy move around their common centre of mass. A fraction of the orbital energy of the MCs is absorbed by the motion of the Galaxy as a whole, and therefore the MCs move slower and sink further. We find that the recoil of the Galactic DM host halo in our models is non-negligible, on the order of 10 kpc when the MCs roughly reach their present-day position. This has a noticeable effect on the positions and kinematics of the MCs (see Appendix A), but it does not affect substantially the overall position and extension of the Stream.
It is important to mention a subtlety inherent to our choice of simulation code. Like any grid-based code, Ramses does not allow the existence of a true vacuum within the simulation volume. Rather, at initialisation each cell is 'filled' with a fluid defined by its density, pressure, and kinetic energy, however small. In our models 'Static DM halo' and 'Live DM halo', we have chosen the initial density of the cells not associated to the MCs gas to a very low value, and chosen the temperature to match the mean temperature of the gas associated to the MCs at infall. The fact that we are able to broadly reproduce Pardy et al. (2018) 's results indicates that these choices have not affected our results in any significant way.
The effect of gas drag
Our model series allows for the first time to study the impact of the Galactic corona on the infalling gas in a systematic and selfconsistent manner. A key requirement of our models is that the properties of the model corona -notably its mean density distribution -be consistent with the observed properties Galactic corona at all times during the infall of the MCs. This is important also for a meaningful comparison between the models.
Given the strong differences between each of the coronal models in terms of their internal kinematics, their structure may evolve in time in a noticeable way. This is illustrated in Figure 5 . When
, a corona that is initially spherically symmetric by design, eventually flattens along its spin axis. The effect is more severe for higher rotation speeds. Such a flattening is expected in equilibrium models (Pezzulli et al. 2017; Sormani et al. 2018). 10 In spite of the evolution and the consequent difference in structure between the corona models, their mean density profile is com- 10 We caution against a misinterpretation of the word 'flattening'. At times, the term is used to indicate a shallower, albeit spherically symmetric, density profile of the hot corona compared to some reference profile (e.g. Bregman et al. 2018) . Here, the term is used to indicate that the hot corona is 'squashed' along its spin axis, with the result that its 3D structure is no longer spherically symmetric. Fast; present-day Fast; present-day Figure 5 . Density structure of the model Galactic corona. The contours outline the projected coronal gas density on an edge-on view with respect to the Galactic plane, with values in the range log 10 N gas (cm −2 ) = (18, 20) in steps of 0.4 dex, overlaid onto the gas associated to the Magellanic System. The face-on view (i.e. x projection) is fairly circular in all cases and is therefore omitted. The left panel displays the density structure at infall, which is identical in all models. The other panels display the density structure in each of the models at the present epoch. The deviation from an otherwise approximately symmetric profile at z < 0 is caused by the perturbation induced by the presence there of the Magellanic System. The flattening of an initially spherical, spinning corona is apparent, even more so the higher the net rotation speed. See also Figure 6 . Note that the final states of the non-magnetised, non-rotating corona and the magnetised, non-rotating corona are similar, and thus the latter is omitted here. All; at infall Non-rotating; present-day Slow; present-day Fast; present-day Magnetised; present-day parable at all times, and does not change significantly over the course of our simulations. In Figure 6 , we compare the initial (i.e. at infall) and final (i.e at the present epoch) density profiles of the corona in each of our relevant models well beyond the present-day distance of the MCs. We find that the model corona evolves away from its initial state, but it does not so in any substantial way, and remains well within the available observational constraints. In particular, the coronal density drops slightly at r > 50 kpc, implying that the gas drag is in fact slightly reduced along the MCs' orbit.
The inclusion of a Galactic corona in our simulations introduces a difficulty of technical nature. In contrast to the models that lack a corona, it is no longer straightforward to isolate (and visualise) the gas initially associated to the MCs. In order to overcome this difficulty, we attach a passive scalar (colour tracer) to the gas initially associated to the MCs prior to placing the evolved binary system at the Galactic virial radius. Specifically, we set the value of the gas tracer associated with the MCs to 20, and to 0 everywhere else. Note that these choices are fully arbitrary but do not affect in any way our results.
The presence of a hot corona embedded within a live DM host halo does not affect in any significant way the orbital history of the MCs compared to the model that features a live DM host halo but no corona (see Figure A3 in the Appendix). But it does have a noticeable impact on the evolution of the infalling gas.
A visual comparison between models 'Live DM halo' (second row in Figure 4 ) and 'Non-rotating corona' (first row in Figure  7 ) readily reveals our more striking result: In the presence of a Galactic corona, the Leading Arm is absent from the final configuration that otherwise resembles the observed Magellanic System. In contrast, the Stream appears slightly more extended (by roughly 30
• ) compared to models that lack a Galactic corona.
The absence of a leading gaseous stream is common to all the models that include a Galactic corona, regardless of the corona's kinematic, as can be seen by comparing models 'Non-rotating corona', 'Slow corona', and 'Fast corona'. Note that the 'Fast corona' model features a gas structure that, projected on the sky, could be reminiscent of the Leading Arm. Such a feature results from the gas clouds that are decelerated by the drag force, thus falling onto lower orbits and eventually leading the MCs (e.g. Moore & Davis 1994) . However, the distribution of gas in configuration space in our 'Fast corona' model reveals that it is not a truly leading gas stream (cf. bottom row of Figures 7 and 11) .
The absence of a leading gas stream in all models that include a Galactic corona can be understood in terms of drag forces. The magnitude of the drag force, or equivalently the ram pressure P ram , of the corona on the infalling gas associated to the Magellanic System depends on the mass density of the corona ρ c and the infall velocity of the gas v g relative to the velocity of the corona v c as
The drag coefficient C D is a parametrisation of the effective momentum transfer between the infalling gas and the corona (Benjamin & Danly 1997).
Both ρ c and v g ≡ | v g | increase as the MCs approach the Galaxy, and so does the destructive effect of the Galactic corona on the infalling gas. Since the MCs move on a prograde orbit with respect to corona's rotation, the effective ram pressure exerted by the corona on the infalling gas is expected to be smaller in models with a faster spinning corona compared to models with a non-rotating corona. 11 11 Both these statements are easily proven for any v g and v c such that v c < v g , a condition that is satisfied in our models, with aid of the reverse triangle inequality,
In the first case, consider a fixed v c . Trivially, the ram pressure increases Figure 7 . Distribution of gas in the the Magellanic System at the present epoch, i.e. ∼ 1 Gyr after infall into the Galaxy, in the presence of a hot corona. Each row corresponds to a different model. Left / centre: Total gas column density in configuration space on a face-on (left) and edge-on (centre) projection with respect to the Galactic plane. The Galactic Centre (GC) is roughly at (0,-10,0) kpc. Right: Total column density projected on the sky as seen from the Sun in Galactic coordinates (l, b). The GC is at (0, 0) • ; the MCs', at ≈ (300, −30) • ; their space orbits are indicated by the thin / thick solid curves in all panels. The presence of the hot corona around the Galaxy clearly inhibits the formation of a leading gaseous stream, regardless of the corona's kinematic properties. Note that the gas displayed in each panel corresponds to gas with a tracer value 5, and therefore excludes the overwhelmingly majority of the coronal gas.
These processes are all illustrated in Figure 8 . There, we compare the evolution of the infalling gas in a model without a Galactic corona (left column), a model with a non-rotating corona (centre), and a model with a fast spinning corona (right). Each row corresponds to a different snapshot from the infall of the MCs up to ∼ 100 Myr before the present day. The pressure of the gas is indicated by the gray scale. Overlaid are a series of contours corresponding to total gas column density of the gas associated to the Magellanic System with values in the range log 10 N gas (cm In the absence of a Galactic corona (left column) the gas the MCs have stripped from one another while evolving in isolation, and which is surrounded by design by a gas structure consisting of a leading and a trailing components, simply becomes tidally because v g increases. In the second case, consider a fixed v g . Here the ram pressure decreases because v c increases.
stretched as the system falls into the Galaxy. In the presence of a Galactic corona (central and right columns), on the other hand, the infalling gas is affected early on by the corona's drag. The build-up of ram pressure ahead of the MCs and the resulting gradient along the gas as it falls in is apparent. Moving at roughly 200 km s −1 through a stationary corona with a density n c ∼ 10
(at ∼ 200 kpc), the leading edge of the gas experiences a ram pressure a few times 10 cm −3 K. The ram pressure is higher than this for gas at smaller distances, and somewhat lower than this if the corona is rotating.
At infall, the leading gas stream that otherwise gives rise to the Leading Arm in corona-free models is pushed against itself by drag forces and 'sweeps' past the denser gas around the MCs. The formation of the Leading Arm is hindered early on. The effect of the gas being compressed along its leading edge and ablated is consistent with the shock cascade found in our previous constrained simulations (Bland-Hawthorn et al. 2007; Tepper-García et al. 2015) . In Fast corona Fast corona Figure 8 . Effect of ram pressure on the evolution of the Magellanic System. Each row compares the structure of the infalling gas on an edge-on projection with respect to the Galactic plane in a model without a Galactic corona (left column), a model with a non-rotating corona (centre), and a model with a fast spinning corona (right) across a sequence of snapshots spanning a timeline from the infall of the MCs (top) up to ∼ 100 Myr before the present day (bottom). The gas pressure P/k is indicated by the gray scale. The contours indicate the total gas column density of the gas associated to the Magellanic System with values in the range log 10 N gas (cm −2 ) = (18, 20.5) in steps of 0.5 dex. The build-up of ram pressure ahead of the MCs and the resulting gradient along the gas streams as they falls in are apparent. Note the reduced ram pressure in the presence of a fast spinning corona compared to a non-rotating one. The formation of a clear leading stream in the presence of a corona is inhibited early on. The orbit of the MCs have been omitted here for clarity. The ram pressure is calculated adopting a gas tracer value of 0.01 to include not only the gas associated to the Magellanic System but also the coronal gas around the MCs. Figure 9 . Distribution of the gas in the Magellanic System at the present epoch, ∼ 1 Gyr after infall into the Galaxy in the presence of a magnetised, nonrotating Galactic corona (cf. top panel in Figure 7 ). Top: Total gas column density. Bottom: Magnetic field strength. The left and central columns correspond, respectively to an edge-on and face-on projection with respect to the Galactic plane in configuration space. The contours in the bottom panels outline the total gas column density levels as shown in the top panels. The Galactic Centre (GC) is roughly at (0,-10,0) kpc. The right column shows the corresponding projection on the sky as seen from the Sun in Galactic coordinates (l, b). The GC is at (0, 0) • ; the MCs', at ≈ (300, −30) • . Their space orbits are indicated by the thin / thick solid curves in all panels, but they have been omitted from the bottom left and right panels for clarity. Apparently, the presence of an ambient magnetic field does not hinder the destruction of the leading gaseous stream. Note that the gas displayed in each panel correspond to gas with a tracer value 5, and therefore excludes the overwhelmingly majority of the coronal gas.
consequence, the total mass in the trailing gas stream is slightly higher in these models compared to models that lack a corona. If the MCs were falling on a retrograde orbit with respect to the corona's rotation, the destructive effect of ram pressure on the infalling gas will be larger than shown here. 12 Conversely, it is reasonable, although unlikely, that a model where the MCs move on a prograde orbit with respect to a corona with a peak rotation speed closer to its observed value -and thus higher than our 'Fast corona' model -may allow the formation of a leading gas stream.
It could be argued that the gas structures around the MCs that lead to the formation of the leading gas stream in corona-free models may be negatively impacted when the evolved isolated binary system is placed into the model Galaxy that features a corona. To test our results against this numerical artefact, we have run a control model similar to the 'Non-rotating corona' model, but with the initial extension of the Galactic corona limited to 150 kpc (rather than ∼ 250 kpc). In this model, the MCs and their associated gas do not interact with the corona until their reach a Galactocentric distance of ∼ 150 kpc. Quite reassuringly, we find no significant difference in the final configuration in these control models compared to our models presented here. In particular, none of the control models displays a leading gas stream (not shown).
12 To prove this statement, an alternative form of equation (3),
, comes in handy. For a retrograde orbit, v g · v c < 0, whereas a prograde orbit implies v g · v c > 0. Therefore, P ram (retro) > P ram (pro).
We note finally that, because the drag depends on the mass density, rather than the total particle density, of the ambient medium, models that take into account the ionisation state of the gas (which we have ignored in our models) should not yield significantly different results.
Confinement by an ambient magnetic field
Early studies based on two-dimensional (2D) simulations of the interaction between gas clouds and magnetised media (Mac Low et al. 1994; Jones et al. 1996; Konz et al. 2002) found that the presence of even a weak ambient magnetic field can extend a cloud's lifetime by draping around the gas and dampening the onset of boundary instabilities that eventually lead to the destruction of the cloud. This result has been confirmed by recent, more advanced, full 3D numerical experiments (McCourt et al. 2015; Banda-Barragán et al. 2018) , which also have shown that the draped field around the infalling gas can be amplified by factors of ∼ 100 relative to the background (Grønnow et al. 2017) .
The Galactic corona and the Galactic gas disc have long been known to be magnetised (Beck et al. 1996) , with a complex structure and a strength that generally declines rapidly away from the Galactic plane (Jansson & Farrar 2012) . Moreover, there is evidence for the presence of an enhanced, coherent magnetic field around the Leading Arm Figure 10 . DM confinement. The panels display the total gas column density in configuration space on an edge-on (columns 1 and 3) and face-on (columns 2 and 4) projection with respect to the Galactic plane, for model 'Live DM Halo' (top row) and 'Non-rotating corona' (bottom row). The contours indicate to the projected DM density (Σ DM ) of the halo initially around the LMC (columns 1 and 2) and the SMC (columns 3 and 4) in each corresponding model in the range log 10 Σ DM (M kpc −2 ) = (4.5, 7) in steps of 0.5 dex. The space orbits of the MCs are indicated by the thin / thick solid curves in all panels. The total gas column densities and MCs orbits in each panel are identical to their counterparts in Figures 4 and 9 . Note that the result for the other corona models, in particular the 'Magnetised corona', are comparable to the result shown in the bottom row.
6 µG (McClure-Griffiths et al. 2010) . Therefore, it is natural to wonder whether the magnetic field around the Leading Arm may be in fact correspond to the draped, enhanced field as envisaged by simulations; and whether the draped field may have helped the Leading Arm survive from the infall of the MCs into the Galaxy up to the present day.
Our model dubbed 'Magnetised corona' is designed to test this hypothesis. As detailed in Section 2.2, we set up a model where the Galactic corona is initially identical to the 'Non-rotating corona' model, but threaded by an initially uniform magnetic field at a level of 0.1 µG, and use it to recompute the evolution of the Magellanic System.
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The result is shown in Figure 9 . In agreement with previous studies, we find that the motion of the infalling gas trough the magnetised corona sweeps-up the ambient magnetic field, yielding a draped, enhanced field with a magnitude ∼ 0.1 − 10 µG all around the infalling gas (see bottom panels), a range of values consistent with observations. Yet, the leading gas stream apparently does not survive the impact of the ram pressure (see top panels), similar to our models that lack a Galactic magnetic field. Thus, the presence of an ambient magnetic field does not seem to help the leading gas stream survive, at least not long enough to be observable today.
It is fair to ask whether this last result is sensitive to initial configuration and magnitude of the magnetic field we have chosen, both of which are somewhat arbitrary. As by shown previous work (Kwak et al. 2009; Grønnow et al. 2018) , an initially uniform ambient magnetic field transverse to a gas cloud's motion enhances its survival. Also, the shielding effect increases with the field strength. Therefore, our adopted initial field configuration, with an strength far away from the Galaxy that is high relative to the strength of the Galactic magnetic field at the same location, and a significant transverse component along the orbit of the MCs, should favour the survival of the infalling gas.
14 Given the absence of any significant dependence on the kinematic properties of the corona discussed in Section 3.2, for simplicity we do not consider here a spinning, magnetised corona model.
Confinement by dark matter
Finally, we explore whether the survival of the Leading Arm can be attributed to the confinement of the infalling gas by DM. As suggested by previous work (Quilis & Moore 2001; Nichols et al. 2014; Plöckinger & Hensler 2012; Tepper-García & Bland-Hawthorn 2018a) , a DM halo around the infalling gas may reduce the stripping effect of ram pressure by confining the baryons deep within its potential well. In this scenario, DM tidally stripped from the MCs ahead of their orbit could have provided the required confinement to the Leading Arm, through the Galactic corona (and eventually across the Galactic gas disc).
In order to assess whether DM confinement may have played a role in the survival of the Leading Arm, we analyse the distribution of DM associated to the MCs at the present epoch in two of our models: 'Live DM halo' and 'Non-rotating corona'. The results are shown, respectively, in the top and bottom rows of Figure  10 . There, we show for each of these models the gas distribution in configuration space along two orthogonal projections. Overlaid we show the projected DM density initially associated to either the LMC or the SMC. The result for the other corona models, in particular the 'Magnetised corona', are comparable to the result of the 'Non-rotating corona' model, and are therefore not discussed here.
Clearly visible are, for each dwarf, a leading and a trailing DM stream. Since the LMC is initially larger, the streams associated to its DM subhalo are more extended. It is worth emphasising that the DM distribution of either dwarf galaxy is similar in both models. This is expected since DM, being collisionless by assumption, should be sensitive only to tidal forces. Since the potential is dominated globally by the Galactic DM halo and locally by the DM subhalos of the dwarfs, both of which are initially identical in both models, there is no reason for the DM distribution to be too dissimilar between models.
The DM streams around the MCs in the 'Live DM halo' model (top row) appear to be confining the leading gas stream, and alsoalthough to a lesser degree -part of the trailing gas stream. However, we just mentioned that the DM streams are similar in both models. Therefore, if DM confinement were at play here, the same effect should be observed in the 'Magnetised corona' model (bottom row). Clearly, this is not the case.
DISCUSSION
The difficulties arising in 'ram pressure models' when attempting to reproduce a leading gas stream, with either an analytic description of the gas drag (Meurer et al. 1985; Heller & Rohlfs 1994; Moore & Davis 1994) or with a self-consistent hydrodynamic treatment (Mastropietro et al. 2005) , were recognised early on. This circumstance led to the view that the competing 'tidal models' (e.g. Fujimoto & Sofue 1976; Murai & Fujimoto 1980; Gardiner et al. 1994 ) appeared more successful in explaining the formation of the Magellanic System (e.g. Putman et al. 1998) . But new, accurate proper motion measurements of the MCs (Kallivayalil et al. 2006) would lead to a radical change of view. Specifically, these measurements implied that the MCs are likely on their first approach to the Galaxy ('first-infall scenario'; Besla et al. 2007) , as had been suggested much earlier (q.v. Lin et al. 1995) . This implication was only reinforced by the latest measurements of the MCs' proper motions (Kallivayalil et al. 2013) .
If the MCs are truly on their first approach to the Galaxy, then there has not been enough time for the tidal interaction with the Galaxy to allow for the formation of the Magellanic System. Thus it was argued (Besla et al. 2010 ) that the key to explaining the origin of the Magellanic System lies in the interaction between the LMC and the SMC prior to be accreted by the Galaxy. Besla et al. (2012) showed that many (but not all) of the properties of the Magellanic System can be reproduced by a model constructed based on this paradigm. Nevertheless, the result that the measurements of the MCs' proper motions favour a first approach of the MCs onto the Galaxy over alternative orbital histories depends strongly on the Galactic potential, and it is also subject to the condition that the MCs have been a bound binary pair for a significant fraction of the Hubble time; a strong assumption indeed. In fact, others (Diaz & Bekki 2012) have shown that the long-term connection of the MCs and their first approach to the Galaxy are unwanted assumptions in order to reproduce some key properties of the Magellanic System not reproduced by first-infall models, such as the observed spatial and kinematic bifurcation of the Stream (Putman et al. 2003a; Nidever et al. 2008) .
On the other hand, circumstantial evidence for the long-term association of the LMC and the SMC is provided by a study of the global star-formation history of the LMC, which suggests that the LMC and SMC might have had coupled episodes of star formation, one occurring roughly 2 Gyr ago and the other some 500 Myr ago (Harris & Zaritsky 2009) , indicating that the MCs have been a strongly interacting pair in the past (but do not need to be bound; see Guglielmo et al. 2014) . Moreover, the existence of a large number (∼ 70) of Galactic satellites associated with (and moving ahead of) the LMC as suggested by data of the Dark Energy Survey provides strong and independent evidence for a first passage of the LMC around the Galaxy (Deason et al. 2015; Jethwa et al. 2016) . We thus consider highly likely that the MCs are truly on their first approach as a binary pair.
An noteworthy caveat of Besla et al. (2012) 's model is that it ignores the presence of the Galactic corona. First predicted by Spitzer (1956) to explain the long-term survival of H i high-velocity clouds in the halo of the Galaxy, the presence of a diffuse (n ∼ 10 −5 − 10
), hot (∼ 10 6 K), gaseous component around the Galaxy is now well established (q.v. Bregman et al. 2018; Sormani et al. 2018) . The impact of a diffuse background on the evolution of infalling gas clouds has been demonstrated repeatedly by a number of independent studies (see below). Therefore, ram pressure models are no longer a matter of choice; they are a physical necessity. We have shown here that a new ram pressure model based on a realistic description of the Galactic corona, coupled to the firstinfall scenario, does not allow for the formation of a leading gas stream reminiscent of the Leading Arm. Nor does ram pressure by an extended corona solves the mass budget mismatch between models and observations of the Stream (for a brief discussion see Pardy et al. 2018) . These results are robust to variations in the kinematic properties of the corona, or to the absence / presence of an ambient magnetic field.
We do not believe that our result has been affected in any significant way by numerical issues. Our belief is strongly supported by similar results found by previous ram pressure models of the Stream, as well as of a number of studies based on wind-cloud simulations which show that infalling clouds break apart within a few 100 Myr -much shorter than the infall timescale of the MCs onto the Galaxy in our models-, regardless of the presence of magnetic fields (e.g. Gregori et al. 2000; Heitsch & Putman 2009; Kwak et al. 2011; Banda-Barragán et al. 2016) .
Similarly, we doubt that our result is overly sensitive to the physical processes -notably star formation and its associated feedback -we have ignored in our models. And we do so even in spite of the early suggestion that the Leading Arm may be a feature associated to stellar feedback within the LMC (the 'blowout hypothesis'; Nidever et al. 2008 , see also Venzmer et al. 2012) . According to this scenario, the Leading Arm was created out of gas outflows from a strong star-forming region in the LMC. However, recent numerical work (Salem et al. 2015; Bustard et al. 2018) shows that outflows coupled to the effect of ram pressure may contribute to the trailing gas stream, but they do not create or add mass to a leading gas stream.
We stress that if we insisted in including stellar feedback in our models, a fully self-consistent treatment would require to take into account as well the feedback from the Galaxy (i.e. galactic winds), which may only further contribute to the destruction of the infalling gas (Cooper et al. 2009 ).
So, taking the results presented here at face value, how can we understand the existence of the gas referred to as 'Leading Arm'? In our view, there are only two plausible interpretations, both with far-reaching consequences and issues, which we discuss in the following.
An alternative Galactic corona model
Although the presence of diffuse, hot gas around the Galaxy seems secure, its structure is still fiercely debated. Two competing models are generally invoked to explain the local x-ray observations: i) a disc-like structure with a scalelength and a scaleheight both of a few kpc (e.g. Yao et al. 2009 ); or ii) an extended ( 100 kpc), spheroidal gaseous halo (e.g. Miller & Bregman 2013 ). The models of the evolution of the Magellanic System we have presented here so far are based on the latter, more conventional interpretation. A recent analysis of Suzaku archival x-ray data suggests, however, that neither of these interpretations may be appropriate (Nakashima et al. 2018 ).
The latter study shows that the zero redshift x-ray coronal emission can be explained with a model which is, as it were, a hybrid of the two competing models introduced above, i.e. a model that consists of both a dense, disc-like component that dominates the x-ray emission; and a diffuse, spheroidal, extended component that dominates the mass of the corona, with a mean temperature of ∼ 3 × 10 6 K. As noted by Nakashima et al. (2018) , the x-ray data is highly anisotropic, with large scatter across the sky, making simple spherically symmetric models rather unlikely. Given this result, it is interesting to explore whether a model of the evolution of the Magellanic System within a Galaxy that includes a 'corona' based on this hybrid interpretation could allow the formation and survival of the Leading Arm .
To this end, we construct a model of a hot gas distribution around the Galaxy following Nakashima et al. (2018)'s parametrisation, consisting of an axisymmetric disc described by
with an extension of 30 kpc in both directions, and total mass of ∼ 5 × 10 7 M ; and a spherically symmetric halo described by , r c = 2.4 kpc, β = 0.51.
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The composite radial density profile corresponding to this model is compared to our 'Non-rotating corona' model in Figure 1 . We refer to this as the 'Hot disc-halo' model. It is worth emphasising that at R 10 kpc the density profile resulting from this model roughly corresponds to the density profile of our 'Non-rotating corona' model but scaled by a factor ∼ 1/10.
Using the 'Hot disc-halo' model, we calculate the evolution of the Magellanic System as we did before with our conventional corona models. The result of this exercise is shown in Figure 11 . Clearly, a leading gas stream survives in this model up to the present-day. Note that the leading stream is, however, less extended compared to the leading gas stream in models that lack a hot corona. These results are not fully unexpected in view of the role ram pressure plays in the survival of a leading gas stream discussed earlier and the lower density of the hot gas in this model compared to our standard corona models. It is noteworthy in any case that our finding is consistent with with an earlier result by Murali (2000) 15 We neglect the metallicity dependence introduced by Nakashima et al. (2018) in their calculations of each component's mass. who found using pure analytic methods that an ambient density < 10
at 50 kpc, i.e. an order of magnitude lower than our standard coronal model, is required for the leading gas stream of the Magellanic System to survive. As it turns out, the density profile of our 'Hot disc-halo' model is consistent with this estimate (Figure 1 ).
Spheroidal vs. flattened coronae
The survival of the leading gas stream in our 'Hot disc-halo' model could be used as an argument to express preference for this class of flattened models over the class of spheroidal coronal models. In the following we present additional criteria that support this preference.
Diffuse, hot coronae around massive ( 10 12 M ) spiral galaxies extending out the virial radius of their host halo in near hydrostatic equilibrium are expected in theories of galaxy formation (Fall & Efstathiou 1980) . X-ray images of quiescent spiral galaxies (e.g. Bogdán et al. 2013b,a) seem to support this picture, although no x-ray haloes extending beyond ∼ 70 kpc have been observed. Nonetheless, extended, spheroidal coronae are still seriously considered in the context of the so-called 'missing baryons' problem (Fukugita et al. 1998) . Indeed, some (Faerman et al. 2017) claim that the Galactic corona may be massive enough to bring the baryon fraction of the Galaxy close to the (expected) cosmic value.
Simulations of galaxy formation within a cosmological framework (Crain et al. 2010; Nuza et al. 2014; Nelson et al. 2016) selfconsistently lead to the formation of extended (i.e. beyond the optical disc) structures of hot gas around spiral galaxies; however their shapes are rarely spheroidal, as some models of the Galactic corona assume (e.g. Miller & Bregman 2015) . It is worth stressing that if the Galactic corona is really spinning fast as inferred from x-ray observations of the Galaxy (Hodges-Kluck et al. 2016) , then it cannot possibly be spheroidal, i.e. an initially spheroidal spinning corona will eventually flatten (Pezzulli et al. 2017; Sormani et al. 2018) . Conversely, a non-rotating corona will eventually acquire enough angular momentum as a result of the momentum transfer from the gas disc ejected in the form of a Galactic fountain (Fraternali & Binney 2008; Marinacci et al. 2011) . In other words, both a a significant rotation speed and a spheroidal structure -both which are inferred from the same x-ray data, it should be noted-, are mutually exclusive properties of the Galactic corona.
Therefore, we believe that the hot gas around the Galaxy is more likely to be a flattened, spinning structure. An equilibrium, baroclinic model of the Galactic corona that is consistent with a number of observational constraints (but that ignores x-ray observations) also shares these properties (Sormani et al. 2018) . We note with interest that some evidence for a flattened hot gaseous structure around the system NGC 891 (the Galaxy's 'surrogate') has been recently presented ).
The specific model of this kind we have considered here implies a total mass of hot gas (< 10 10 ) M that is low compared to conventional models, and clearly cannot account for the missing baryons in the Galaxy, which are expected to have a total mass ∼ 10 11 M . This is a consequence of the density profile of this model, which seems low compared to some of the available estimates of the gas density at r 50 kpc all around the Galaxy ( Figure  1 ). However, it is consistent with the upper limits inferred by Stanimirović et al. (2002), and Murali (2000) , as mentioned above.
In summary, taking both the observational evidence and theoretical arguments into account, the distribution of hot gas around the Galaxy likely follows a flattened distribution as a result of its relatively high rotation speed. Such a distribution may permit formation of the Leading Arm within the framework of a ram-pressure model coupled to the first-infall scenario. The caveat is that such a distribution does not leave room to accommodate the large reservoir of baryons required to raise the total baryonic mass fraction of the Galaxy to the cosmic value, as argued by others (Faerman et al. 2017) .
An alternative view on the nature of the Leading Arm
The physical need for the Galactic corona, as well as our current ignorance about its detail structure, and the difficulty in the formation of a leading gas stream in its presence, leads us to consider an alternative scenario: that the Magellanic Leading Arm is not in fact directly associated to either the LMC or the SMC. This idea is supported by the following arguments.
The interpretation of the Leading Arm as the tidal counterpart of the Magellanic Stream is based on two observations: i) The apparent continuity in the kinematic properties of the H i gas from the tip of the Leading Arm (regions LA II and LA IV) 16 across the Galactic plane to LA I and to the MCs (Putman et al. 1998) ; and ii) the chemical signature of the H i gas across the Leading Arm region, which is comparable to the chemical signature of the MCs gas (e.g. Sembach et al. 2001) . However, while recent kinematic H i data suggests an LMC origin (Nidever et al. 2008; Venzmer et al. 2012) , accurate measurements of the chemical composition of the Leading Arm clouds favour a SMC origin Richter et al. 2018) . There is, however, an inherent danger in the use of the metallicity as a constraint on the origin of the gas, in that the interaction between two gas phases results in mixing that inevitably washes out their original chemical signature (Henley et al. 2017 , see also TepperGarcía & Bland-Hawthorn 2018a .
But there is an additional issue specific to the components LA II and LA III north of the Galactic plane (b > 0 • ), henceforth collectively referred to as LA-North. A number of models of gas cloud-gas disc interactions indicate that gas clouds will not survive a collision with the Galactic gas disc (Tenorio-Tagle et al. 1986 ), regardless of the presence of an ambient magnetic field (Santillán et al. 1999; Galyardt & Shelton 2016) , unless their density is high enough compared to the disc or surrounded by a DM subhalo (Nichols et al. 2014; Tepper-García & Bland-Hawthorn 2018a) . Assuming the Galactic gas disc follows the radially declining H i surface density profile as estimated by Kalberla & Dedes (2008) at the time of the interaction, the total gas column density of the Leading Arm prior to collision had to be 10 21 cm −2 , substantially higher than total gas column density of LA I (which has not yet crossed the disc) as inferred from observations .
We conclude that the evidence so far for the connection of the Leading Arm with the MCs is somewhat inconclusive. This opens the door to, or perhaps even demands, an alternative interpretation about the nature of the Leading Arm. Mastropietro et al. (2005) showed that the Leading Arm could be explained as a trailing stream that arises from the LMC as it encircles the Galaxy. This interpretation requires the LMC to have orbited the Galaxy once already. Although unlikely, it should be noted that such an orbit is not entirely ruled out by recent measurements of the MCs' proper motion (see Kallivayalil et al. 2013) . Nonetheless, it would appear difficult for this model to explain the significant spread in elemental abundances observed among the different Leading Arm components (∼ 0.1 − 0.3 Z ; Fox et al. 2013; Richter et al. 2018) .
A different paradigm has recently been laid out by Hammer et al. (2015) according to which the Magellanic gas structures are associated to a large number of baryon-dominated tidal dwarf systems, whose largest members are the MCs. In this picture, a group of essentially DM-free, tidal dwarf galaxies lost their gas along their orbit all the way from the system M31 to the Galaxy as a result of ram pressure by the intergalactic medium and the Galactic corona.
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As for Mastropietro et al. (2005) 's model, in Hammer et al. (2015) 's model the Leading Arm is interpreted as a trailing gas stream of the tidal dwarfs moving ahead of the MCs. We consider this idea by appealing to newly discovered satellites around the Galaxy -rather than to DM-free tidal dwarf galaxies -as the possible origin of the Leading Arm (e.g. Helmi et al. 2018 ).
Is the Leading Arm linked to the infall of a satellite moving ahead of the MCs?
The paradigm we are proposing is that the Leading Arm components south of the Galactic plane (i.e. regions LA I, LA III at b < 0
• , henceforth referred to as LA-South) can still be directly associated to the MCs, but LA-North most likely are not. Our conviction comes from the fact that no pure gas structure could have survived the interaction with the gas disc, as discussed above, unless confined by a deep DM potential, i.e. a dwarf subhalo possibly (but by no means necessarily) associated to the MCs, a system collectively referred to as the Magellanic Group (D'Onghia & Lake 2008; .
Evidence for the existence of a Magellanic Group is widespread.
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Data taken as part of the Dark Energy Survey (DES) suggest that there are ∼ 70 satellites associated to the LMC (Jethwa et al. 2016) . A number of potential candidates of satellites associated to the LMC have also been identified in the Gaia DR2 (Kallivayalil et al. 2018 are surrounded by their own satellites at all epochs (Wheeler et al. 2015) . Our conjecture is that the LA-North could be a mixture of gas that was stripped from a 'frontrunner' ahead of the MCs, and the interstellar medium (ISM) of the Galaxy at the crossing point. LA-South would then correspond to the gas stripped away from the dwarf by ram-pressure by the corona prior to the frontrunner's transit of the disc, much alike what has been observed in an external system (Cramer et al. 2018) .
We have illustrated these mechanisms in our work on the Smith Cloud (Tepper-García & Bland-Hawthorn 2018a, see also Galyardt & Shelton 2016) . In essence, in that work we showed that a ∼ 10 9 M gas-bearing DM subhalo traveling at ∼ 350 km s −1 is stripped of its gas while interacting with the Galactic corona and upon crossing the Galactic gas disc, lifting up gas from the ISM, and leaving behind a gas streamer of mixed composition. Crucially, since the streamer moves around with the Galactic disc, it will in general not be aligned with the orbit of the infalling subhalo, unless it is very young. In other words, the stripped gas will not generally track its parent satellite orbit.
If the Leading Arm components are in fact fragments of a gas stream created by a gas-bearing satellite that has lost its gas via ram-pressure by the Galactic corona and the Galactic gas disc, the only way we can tightly constrain its the progenitor is by having a handle on the distance and the age of the Leading Arm. A recently discovered star cluster in the Galactic halo, believed to be associated to the LA II, would place it at a Galactocentric position of (R, z) ≈ (23, 15) kpc (or an heliocentric distance of D ≈ 29 kpc; Price-Whelan et al. 2018). The LA II component extends over roughly 30
• on the sky. At an heliocentric distance of ∼ 29 kpc, this corresponds to a physical extension of ∼ 16 kpc. Based on our work on the Smith Cloud, we estimate an age on the order of 200 Myr for the LA II, and a distance of the progenitor of 100 kpc. It is worth noting that our age estimate is consistent with the age of the star cluster believed to be associated to the LA II (∼ 130 Myr; Price-Whelan et al. 2018) .
To sum up, our key constraints on the frontrunner are: i) moving ahead of the MCs on a prograde orbit with respect to theirs; ii) an orbital history that brings it within the optical radius of the Galaxy; iii) a present-day distance consistent with having travelled 100 kpc along its orbit. It would be desirable to have evidence that the candidate may have lost all of its gas only until recently; and perhaps less important: an orbit roughly consistent with the orbit of the MCs. The reason for the last constraint to be a weak one is two-fold: First, the frontrunner need not be directly associated to the MCs. Second, its orbit may have been significantly affected by the interaction with the Galactic gas disc (cf. Tepper-García & Bland-Hawthorn 2018a,b).
We consider plausible candidates from a subset of the Galactic satellites discovered so far. In the left panel of Figure 12 we show the positions of the satellites in Stream (MS) coordinates (Nidever et al. 2008) , where the LMC is at l MS = 0 Figure 12 , we show the angle between a satellite's orbital polen sat and the MS normal, θ MSnormal = arccos (n sat ·n MS ), as a function of l MS . The data has been taken from Fritz et al. (2018a,b) . Note that the gap at around l MS = 30 − 50 • . Clearly, there is already a large number of dwarf galaxies observed to be moving ahead of the Magellanic Clouds, with orbits that are roughly consistent with the orbit of the MCs. And it is likely that more are yet to be discovered.
Of all, the most interesting candidates are perhaps Draco I and Ursa Minor. These are bound to the Galaxy (McConnachie 2012; Kafle et al. 2014) . Both Draco I's (Mashchenko et al. 2006) and Ursa Minor's (Piatek et al. 2005) proper motion measurements are consistent with orbital histories that bring the dwarfs within the Galactic optical disc, with orbital periods of ∼ 1.5 Gyr. Their orbits are well aligned with the orbit of the LMC (Figure 12 ; Pawlowski et al. 2015) . Both Draco I and Ursa Minor have dynamical masses in excess of 10 7 M , large enough to lift up ISM gas during a disc crossing, but it is currently unknown whether they contained gas up to only recently (McConnachie 2012). Interestingly, Caproni et al. (2015) model the gas loss in Ursa Minor and conclude that stellar feedback is not enough, but additional mechanism are required to fully explain its gas loss, perhaps ram pressure stripping by the Galactic gas disc. Nevertheless, based on our current knowledge of their orbits, it is unlikely that any of these transited the Galactic gas disc within our constrain of ∼ 200 Myr.
The next most interesting candidate is Crater II with an estim-ated dynamical mass of ∼ 5 × 10 6 M (Caldwell et al. 2017) , at a distance of ∼ 117 kpc, an orbit well aligned with that of the MCs, and a pericentric distance within the optical radius of the Galaxy (Fritz et al. 2018b ). However, the epoch of its last disc crossing is likely too long ago to be consistent with our time constraint.
Thus, neither of these system represents really a satisfactory candidate for our sought frontrunner. In particular, none of them shows evidence for young stars. A suitable candidate may have yet to be unveiled. The prospect of doing so, however, seems low, given the expectation of a young age, characterised by bright A-type stars, making it unlikely that such a system has escaped detection so far.
SUMMARY
Our new study has highlighted the difficulty of understanding the Leading Arm as a gas stream that is tidally stripped and runs ahead of the Magellanic Clouds. The latter has become the conventional interpretation since the seminal H i study of Putman et al. (1998) . Simple dynamical models support this interpretation assuming the Clouds are on first infall. But we have shown that realistic models for the Galaxy that include a pervasive, hot coronal halo challenge this basic assertion because 'leading arms' do not form.
In summary:
1. It may be possible to rescue the conventional 'Leading Arm' interpretation if the hot halo is truncated well within the distance of the Clouds, e.g. through flattening by rapid rotation. The advantage of this scenario is that it is consistent with the recent claims based on x-ray data of the Galaxy, and with the recent observation of a flattened hot halo in an external disc galaxy. The disadvantage is that a truncated hot halo cannot accommodate the 'missing baryons' claimed by many authors, both observers and simulators, to be locked up in the hot halo of the Galaxy.
2. A belief shared by some is that a population of H i clouds in the Northern Galactic hemisphere appears to be a continuation of the Leading Arm and may be associated with it. We consider this connection to be highly unlikely because the Leading Arm would then need to survive its transit of the Galaxy's gaseous disc. It is difficult to conceive how the latter can be true given the results of numerous studies that strongly argue against it.
3. We consider an alternative explanation involving a gasbearing dwarf galaxy running ahead of the Clouds ('frontrunner') that is being ram-pressure stripped of its gas. The advantage of this scenario is that it requires the existence of an extended hot halo in line with the conventional picture, and may simultaneously explain i) the enhanced metallicity of the Leading Arm gas (relative to the trailing Stream); ii) recent claims of star formation in the Leading Arm as a result of ram-pressure acting upon the gas (Cramer et al. 2018; Alig et al. 2018) ; and iii) the survival of the gas as it transits the disc as a result of the shielding effect of the host potential. The disadvantage is that a suitable candidate dwarf has yet to be identified.
Overall, it seems difficult to escape the conclusion that there is something fundamental about the Magellanic System and the gaseous structure of the Galaxy that we do not yet understand. Figure A1 . Replica of Pardy et al. (2018, cf. their figure 2 ). Note that we have adopted less extended gas discs (but with the same mass) for the MCs, and therefore their gas discs do not overlap initially, as they do in Pardy et al.'s models. We do not shift the origin of the coordinate system to the initial barycentre of the LMC (indicated by the cross) for each snapshot as they do. Figure A2 are included in each panel (gray thick curves) for comparison. Note that the presence of a (magnetised) corona does not affect the orbital history of the infalling system in any appreciable way.
